The risk of bleeding associated with antithrombotic and fibrinolytic therapy depends on factors that are specific for the drugs and the patients. In this narrative review, we describe the most important risk factors for bleeding for each class of drugs. Pertinent examples are recent initiation of therapy with vitamin K antagonists, low-molecular-weight heparins, and renal dysfunction, and higher dose of aspirin. However, for every class of drug, there are also examples that are more controversial. Knowledge of these risk factors helps to weigh the risk and benefit in the selection of therapy in individual patients. Moreover, some risk factors can be modified or avoided if they are recognized.
trials in stroke and myocardial infarction, Dr. Eberhard Mammen wrote about the therapeutic possibilities of thrombolytic agents and their risk of causing bleeding. 1 Twenty-four years later, he participated in a study addressing the timing of heparin administration in patients treated with streptokinase for acute myocardial infarction. 2 That second study was published 22 years ago. This illustrates the length of Dr. Mammen's career. The width is illustrated by the fact that the text below contains references to his articles on bleeding with thrombolysis, with heparin, and with low-molecularweight heparin, but none of these were even within his main scope of work.
Any antithrombotic or fibrinolytic therapy increases the risk of bleeding, but the magnitude of the risk depends on factors that are specific for the drugs and the patients. To weigh the expected benefits against the bleeding risk of therapy for an individual patient, knowledge of these factors is necessary. Many studies have addressed factors that predict bleeding, but an important problem when comparing different studies is the variation in the definition of bleeding end points. The International Society on Thrombosis and Haemostasis has proposed a definition of major bleeding in nonsurgical patients, which should make future studies more comparable (Table 1) . 3 Below, we give a narrative review of the available data on the different classes of antithrombotic and fibrinolytic agents. We end with a review of the bleeding scores that have been developed to predict bleeding in specific clinical situations.
VITAMIN K ANTAGONISTS
Historically, target international normalized ratio (INR) and accordingly doses of vitamin K antagonists were higher than those we use today. For instance, in a 1969 article, Dr. Mammen quotes a starting dose of warfarin of 75 to 100 mg and acenocoumarol of 25 to 50 mg over the first 2 days of therapy. 4 Subsequent studies have shown that more intensive therapy is a strong risk factor for bleeding. After valve surgery, higher targeted intensity increases the risk of bleeding. A randomized controlled trial (RCT) comparing the INR range of 2.5 to 3.5 and 3.5 to 4.5 in patients with mechanical valves reported annual major bleeding rates of 1.2% and 3.8%, respectively. 5 In a similar trial in patients during the first 3 months after tissue valve replacement, the bleeding rate was 4.6% and 0 with INR range of 2.5 to 4.0 and 2.0 to 2.25, respectively. 6 In contrast, target INR did not predict bleeding in two large cohort studies in patients with mixed indications for anticoagulation, whereas the actual intensity of anticoagulation was strongly associated with the risk of bleeding in both. 7, 8 Higher actual intensity is a strong risk factor for intracranial hemorrhage (ICH). A case-control study showed an odds ratio (OR) of 4.6 for ICH in patients with INR 3.5 to 3.9 compared with patients with INR 2.0 to 3.0. 9 Variability of intensity was shown to be an independent predictor of bleeding. In a retrospective review, the relative risk (RR) of major bleeding was 1.6 (p ¼ 0.003) in the patients in the highest versus the lowest tertile of INR variability, independent of the intensity of treatment. 10 Recent initiation of warfarin treatment was identified as a risk factor for bleeding in several studies. The risk was highest in the first 3 months and continued to decrease during the first 2 years. 8, 10 Older age consistently increased the risk of bleeding and of ICH in a large number of studies. In a systematic review, the risk was approximately twofold in patients > 60 to 75 years of age. 11 Gender does not predict bleeding in most studies. Female gender did increase the risk of minor but not of major bleeding in a large cohort study. 7 Several concomitant medical conditions have been studied as predictors of bleeding. Data are not consistent and depend on the prevalence of the concomitant condition in the patient group studied. For instance, in patients with peripheral artery disease, hypertension and diabetes increased the risk of bleeding. 12 In a population-based cohort, malignancy was the only independent predictor of major bleeding. 13 Other conditions implicated are cerebrovascular disease, serious heart disease, and renal insufficiency. 14 Genetic variations in the cytochrome P450 CYP2C9 can influence the sensitivity for vitamin K antagonists. Carriership of the CYP2C9*3 allele was found to be associated with a history of bleeding (OR, 3.1). 15 Adding 100 mg aspirin to warfarin did not increase the risk of major bleeding in an RCT in patients after valve surgery, 16 whereas it did in an otherwise similar study using 200 mg. 17 The increase seen in this second study could be attributed to gastrointestinal bleeding. A direct comparison of adding 650 or 100 mg aspirin to warfarin did not show an increase in the risk of major bleeding, but there was a trend toward more minor bleeding. 18 Adding nonsteroidal anti-inflammatory drugs (NSAIDs) to warfarin increased the RR of upper gastrointestinal bleeding from 2.8 to 3.3 (compared with nonusers of warfarin) to 8.0 to 12.7 in two population-based cohorts. 19, 20 In one of these cohorts, adding acetaminophen to warfarin increased the RR from 2.8 to 4.4. 20 These studies could not correct for confounding risk factors, like viral illnesses for which acetaminophen or NSAIDs were taken. Combination of selective serotonin reuptake inhibitors with warfarin did not increase the risk of intracranial or upper gastrointestinal bleeding in two case-control studies. 21, 22 HEPARIN Intensity of heparin treatment was not a risk factor for bleeding in several smaller studies in acute venous thromboembolism (VTE). However, in a large study in acute coronary syndrome, the risk of major bleeding increased by 7% for every 10-second increase in activated partial thromboplastin time (APTT). 23 Intermittent intravenous administration of heparin is a risk factor for bleeding. In an RCT in patients with mixed indications for heparin, the rate of major bleeding was 8% in patients on an intermittent intravenous regimen according to APTT versus 1% in patients on continuous intravenous heparin. In patients on intermittent intravenous heparin without APTT measurements, the rate was 10%. 24 In contrast, intermittent subcutaneous administration of heparin does not increase the risk of major bleeding compared with that of continuous intravenous, as shown in a meta-analysis of eight trials in acute VTE (RR, 0.79; 95% confidence interval [CI], 0.42 to 1.48). 25 The duration of heparin treatment in acute VTE did not influence the rate of major bleeding. 26, 27 Gender is debated as a risk factor: some authors do, but others do not, find an increased risk in women. 28, 29 Older age increases the risk of bleeding on heparin. In the initial treatment of acute VTE, the rate of major bleeding was 11.1% in patients over age 72 years (the median age in the study) versus 11.1% in those younger. 30 Adding aspirin to heparin in patients undergoing coronary artery bypass grafting (CABG) did increase the rate of reoperation for bleeding (6.6% vs. 1.7%, p ¼ 0.002) but not the rate of bleeding unrelated to surgery (4.5% vs. 5.0%). 31 The addition of the glycoprotein IIb/IIIa receptor inhibitor (GPI) abciximab to a standard dose of heparin in patients undergoing percutaneous coronary intervention (PCI) did not increase the risk of major bleeding, although there was an increase in minor bleeding (3.5% vs. 3.1%, and 7.4% vs. 3.7%, respectively). 32
LOW-MOLECULAR-WEIGHT HEPARIN
In the initial studies of low-molecular-weight heparins, the incidence of bleeding was high. This was attributed to overdosing, as discussed by Dr. Mammen in 1990. 33 More recently, data from a large registry confirmed that overdosing, as judged by body weight and renal function, increased the rate of major bleeding (OR, 1.47; p < 0.001). 34 Severe renal dysfunction is an important risk factor for bleeding on low-molecular-weight heparin (LMWH). Mostly, this is also explained by overdosing. A meta-analysis showed that with a standard therapeutic dose of enoxaparin, major bleeding occurred in 8.3% versus 2.4% of patients with creatinine clearance at or below 30 mL/min and above 30 mL/min, respectively. When an adjusted dose of enoxaparin was given, major bleeding occurred in 0.9% versus 1.9%. 35 Milder renal dysfunction was also shown to be a risk factor for bleeding in a large study in acute coronary syndrome. Patients with creatinine clearances of < 58, 58 to 70, 71 to 85, and > 85 mL/min had a major bleeding rate of 6.4%, 4.6%, 3.0%, and 2.6%, respectively, when given a standard dose of enoxaparin. 36 Body weight did not predict bleeding in the initial treatment of deep vein thrombosis (DVT): major bleeding was seen in 1.2% and 0.9% of patients with a body weight below and above 100 kg, respectively. 37 Advanced age is often cited as a predictor of bleeding, but data are scarce. In a retrospective chart review, age was an independent risk factor for bleeding (OR 2.6 for every 10-year increment; p ¼ 0.039). 38 Once-versus twice-daily administration of LMWH did not increase the rate of bleeding in the initial treatment of VTE: a meta-analysis reported an incidence of 2.2% versus 2.9% (OR, 0.77). 39 The timing of the start of LMWH for prophylaxis in elective hip surgery predicts for bleeding. A meta-analysis found no increased risk of bleeding in starting 12 hours preoperatively compared with 12 hours postoperatively (1.4% vs. 2.5% major bleeding, respectively), but the incidence was higher (6.3%) when LMWH was started either less than 12 hours before or less than 12 hours after surgery. 40 Different preparations of LMWH have not been compared directly for rates of bleeding. An analysis of the available data did not indicate a clear difference, except for a possible lower bleeding rate for dalteparin. 41 In the retrospective chart review mentioned above, adding clopidogrel to LMWH increased the risk of bleeding (OR, 7.7; p ¼ 0.034) but adding aspirin did not. 38 FONDAPARINUX Age over 65 years increased the risk of major bleeding on fondaparinux in patients with acute coronary syndromes (2.7% vs. 1.4% in younger patients), whereas gender did not predict for bleeding (2.0% in men vs. 2.5% in women). 42 A subsequent analysis from the same trial showed an increasing risk of bleeding with decreasing renal function, although less than with the comparator LMWH (2.8%, 2.5%, 2.9%, and 1.6% with glomerular filtration rate [GFR] < 58, 58 to 70, 71 to 85, and > 85 mL/min, respectively). 36 Shorter time between major orthopedic surgery and the postoperative start of prophylactic fondaparinux significantly increased the risk of major and overt bleeding in a meta-analysis of four trials. 43 Obesity protected against major bleeding in patients treated with fondaparinux for acute VTE (0.3% vs. 1.5% in body mass index < 30 kg/m 2 ). 44 ASPIRIN Surprisingly, not much is published on patient factors that predict bleeding on aspirin. Available data are mainly derived from subgroups within the active arm of large cardiovascular trials. A meta-analysis of RCTs addressing the use of aspirin in the primary prevention of cardiovascular disease showed no difference in major bleeding between men and women (OR vs. placebo 1.72 and 1.68, respectively). 45 Gender and blood pressure did not predict for bleeding in a combined report of two large trials of aspirin in the first 2 to 4 weeks after ischemic stroke, whereas older age had no effect on the risk of hemorrhagic stroke but did seem to increase the risk of major extracranial bleeding (absolute risk of 0.5%, 1.1%, and 1.6% in patients < 65, 65 to 74 and > 74 years, respectively). Of note, a proportion of patients in this report also used heparin. 46 In a small trial, patients carrying the GPIIb/IIIa Pl A2 allele A showed an increase of blood loss during CABG when they were pretreated with aspirin. 47 A larger dose of aspirin clearly increases the risk of bleeding: in a meta-analysis of long-term use of aspirin, the risk of all bleeds was increased from 3.7% to 9.8 to 11.3% with doses > 100 mg daily. The relative risk was highest for gastrointestinal bleeding, but it was also significantly higher for categories of fatal, major, and minor bleeding. 48 Meta-analyses of studies comparing regular and enteric-coated or modified-release aspirin did not show a difference in risk of gastrointestinal bleeding. 49, 50 Adding warfarin (target INR, 2 to 3) to aspirin after acute coronary syndromes increased the risk of major bleeding, as shown in a meta-analysis (OR, 2.3). 51 The addition of long-term clopidogrel to aspirin also increases the risk, but to a lesser extent (OR, 1.8). 52 In the same meta-analysis, short-term treatment with clopidogrel did not increase bleeding risk. Lastly, the addition of selective serotonin reuptake inhibitors to aspirin did not seem to increase the risk of ICH in a recent case-control study. 21 
CLOPIDOGREL
Although clopidogrel was tested as a single antiplatelet drug (versus aspirin) in a large number of patients, no reports have been published on patient characteristics that could predict bleeding in this setting. Available data are from studies in which all patients were also on aspirin. Mild to moderate renal dysfunction did not increase the risk of any bleeding (RR vs. placebo 1.2, 1.3, and 1.1 for no, mild, and moderate renal dysfunction, respectively) in an analysis from the CREDO trial, in patients on clopidogrel followed for 1 year after elective PCI. 53 In another analysis from the same trial, higher body mass index (BMI) protected against bleeding (13% reduction in any bleeding for every 5 units increase in BMI). 54 Increasing the loading dose of clopidogrel before PCI to more than 300 mg did not increase the risk of bleeding, as shown by a metaanalysis, but it must be noted that the number of events of major bleeding was small (OR 1.88 and 0.99 vs. placebo for major and minor bleeding, respectively). 55 The addition of aspirin to clopidogrel for secondary prophylaxis after stroke or transient ischemic attack (TIA) clearly increases the risk of bleeding: life-threatening bleeds occurred in 2.6% versus 1.3% during 18month follow-up in the MATCH trial. 56
GLYCOPROTEIN IIb/IIIa RECEPTOR INHIBITORS
Several studies and meta-analyses have been published on the predictors of bleeding in GPI therapy. All studies have been performed in acute coronary syndromes, and GPI was used on top of standard anticoagulant and antiplatelet therapy.
Old age is a risk factor for bleeding: a recent, large meta-analysis reported that the OR of bleeding versus placebo was 1.9, 1.9, 1.6, and 2.5 in patients < 60, 60 to 69, 70 to 79, and > 79 years, respectively. 57 The difference in absolute bleeding risk on GPI between the youngest and the oldest patients was much larger (1.5% vs. 5.7%), reflecting increased baseline risk and risk of standard therapy.
Data on the role of gender as a risk factor for bleeding on GPI is not consistent. With or without the drug, women have a higher risk of bleeding than do men in the setting of acute coronary syndrome. 58,59 A meta-analysis showed no increased bleeding risk on abciximab compared with placebo in women (3.0% and 2.9% major bleeding, respectively). 58 Analysis of data from a large registry showed, however, a larger increase of major bleeding for women than for men (15.7% and 8.5% on abciximab vs. 7.3% and 5.4% on placebo, respectively). 59 Decreased renal function was an independent predictor of bleeding in a relatively small observational study on eptifibatide (OR 6 to 9, depending on the definition of bleeding). 60 Another study on the same drug found that the predictive value of renal function could mainly be explained by older age. 61 The effects of age, gender, and renal function could partly be explained from their role as risk factors for overdosing, which significantly increased the risk of bleeding in a large registry (OR, 1.36). 62 Adding clopidogrel pretreatment to GPI did not increase the risk of bleeding, as shown in a metaanalysis. 63 Different GPIs can have different risks of bleeding, as shown in a comparison between tirofiban and abciximab (total bleeding 2.9% vs. 5.0%, respectively). 64 
THROMBOLYTIC THERAPY
In both stroke and myocardial infarction, the most important bleeding complication is hemorrhagic stroke. However, the risk factors for bleeding depend strongly on the indication for thrombolytic therapy. Apart from differences in research interests between neurologists and cardiologists and real differences in patient groups, patients treated for stroke have a much higher background incidence of ICH than that of patients treated for myocardial infarction.
In stroke, the most consistent risk factor reported in RCTs is larger neurologic deficit. 65, 66 Older age was a risk factor in one of these trials (OR 1.3 for every 10 years) 66 but not in the other nor in a retrospective series. 65, 67 Diabetes was reported as an independent risk factor (OR, 3.7; p < 0.001). 68 Coagulation parameters on admission did not predict for symptomatic bleeding. 69 Early ischemic changes seen on computed tomography (CT) were associated with bleeding in several studies, with OR 3 to 3.5. 66, 68 Leukoaraiosis seen on magnetic resonance imaging was an independent risk factor for bleeding in another study (OR, 2.9; p ¼ 0.03). 67 A higher dose of a thrombolytic agent increased the risk of fatal ICH (OR, 3.25), but not the risk of any intracranial bleeding (OR, 1.54; not statistically significant), as shown in a meta-analysis. 70 In the same analysis, there were no statistically significant differences in the rate of ICH between different thrombolytic agents, but the number of events was very small.
In myocardial infarction, the GUSTO-I trial (41,000 patients) and the NRMI-2 registry (71,000 patients) have reported on risk factors for ICH. 71, 72 Older age, lower body weight, prior stroke, and higher diastolic or systolic blood pressure were independent predictors in both studies. Female gender was an independent risk factor in the registry, but not in the trial. In contrast, female gender was reported as a strong independent risk factor in another trial (p ¼ 2.90). 73 Black ethnicity was also an independent risk factor in the registry, whereas it was not reported in GUSTO-1.
In a case-control study based on several trials and a registry in myocardial infarction, 150 patients with ICH were included. Independent risk factors were age over 65 years (OR, 2.2), body weight less than 70 kg (OR, 2.1), and hypertension (OR, 2.0). 74 Risk factors for all types of bleeding have also been reported from the GUSTO-I trial. 75 As for ICH, older age and lower body weight were risk factors. Additionally, female gender, black ethnicity, and treatment in the United States were found to be independent risk factors for any bleeding.
Streptokinase and tissue plasminogen activator (tPA) were directly compared in three large RCTs. In two, tPA was associated with a modest increase in the risk of ICH (0.3% vs. 0.25%, and 0.70% vs. 0.57%, respectively). 72, 76 In the third, the difference was much larger (0.66% for tPA vs. 0.24% for streptokinase). 77 A higher dose of tPA is clearly associated with an increased risk of intracranial bleeding. In a dose-finding study, the risk was 1.3% and 0.4% for 150 and 100 mg, respectively. 78 In the NRMI-2 registry, a dose of 1.5 mg/ kg body weight was an independent predictor of ICH (OR, 1.49). 71 A higher dose of tenecteplase was associated with an increased risk of ICH in one trial (3.8%, 1.9%, and 1.0% for 50, 40, and 30 mg, respectively), but not in a parallel, larger trial (0.62% and 0.94% for 40 and 30 mg, respectively). 79, 80 Adding aspirin to thrombolytic therapy did not increase the risk of major bleeding in the ISIS-2 trial, however the number of cases of ICH was too small for a reliable comparison. 81 The addition of GPI to thrombolytic therapy was evaluated in a meta-analysis, and the risk of major bleeding increased by 69% (95% CI, 38 to 109%). 82 Combination of heparin with thrombolytic therapy increased the risk of ICH in one large trial (0.56% vs. 0.40%, p < 0.05) but not in the other (0.3% vs. 0.3%). 76, 77 Both showed a modest increase in total bleeding (1.0% vs. 0.8% and 1.0% vs. 0.6%, respectively). A study in which Dr. Mammen was involved showed that the timing of adding heparin to thrombolytic therapy matters: the risk of bleeding was decreased in patients who received heparin 12 hours after intracoronary streptokinase compared with that of historical controls who received heparin immediately after streptokinase (0 vs. 5.6% major bleeding). 2 
BLEEDING PREDICTION MODELS
To facilitate the clinical use of the different risk factors for bleeding, formal bleeding scores have been developed. Most of them were developed for vitamin K antagonists, either in inpatients starting anticoagulation or in outpatients. Table 2 outlines the available scores. In outpatients, the Outpatient Bleeding Risk Index (OBRI) by Landefeld and Beyth is the best-validated score and is easy to use. 83 The newer scores are not yet validated by others and are more complicated, using more variables. 84, 85 The score by Shireman et al 84 requires calculation. The available scores regarding inpatients are from the years when use of intravenous heparin was standard and were not valid when used by other groups. 86, 87 
CONCLUSION
The risks of bleeding on antithrombotic or fibrinolytic drugs differ between patients and circumstances. Dr. Eberhard Mammen provided an insight into this area of work long before the large trials in stroke and myocardial infarction. For vitamin K antagonists, recent initiation of therapy, higher actual intensity, variability of intensity, and older patient age clearly increase the risk of bleeding. In the case of heparin, undisputed risk factors are also older age and the practice of giving intermittent intravenous doses. Overdosing, especially in patients with impaired renal function, is the main recognized risk factor for bleeding on LMWH. Impaired renal function and older age are also risk factors for bleeding on fondaparinux. For aspirin, increasing the dose above 100 mg once daily and adding warfarin are undisputed risk factors for bleeding. As for clopidogrel, adding aspirin increases the risk of bleeding. Overdosing, older age, and impaired renal function are risk factors for bleeding on GPI. In stroke, larger neurologic deficit is the main predictor of bleeding on thrombolytic therapy.
In myocardial infarction, older age, overdosing (or the proxy lower body weight), and adding GPI are the main recognized risk factors for bleeding.
Some risk factors, for instance renal dysfunction and older age, are not modifiable. They should be taken into account when weighing the benefits of therapy against the risks. Others might, in addition to increasing risk, also increase benefit and thus have a net positive balance. Combinations of drugs but also older age can fall into this category. Finally, some risk factors are avoidable when they are recognized such as selection of anticoagulants that are not eliminated by the kidneys in patients with renal impairment or discontinuation of platelet inhibitors if not clearly indicated in patients starting on a vitamin K antagonist. All efforts should be made to improve the quality of anticoagulation management (e.g., by dosing with computer software or nomograms to increase the time in therapeutic range). Self-testing and self-management for motivated patients on vitamin K antagonists will also reduce the risk of 
